Feedback between optical elements can be a major source of noise when trying to attain high sensitivity in infrared absorption experiments. We find that a conventional White-cell optical arrangement introduces Ctaloning fringes that modulate the peak-to-peak amplitude of our signals by 1 part in 16 666, a fractional change of 6X 10p5. Although relatively small, this "noise" is systematic and adds coherently with averaging, obscuring interesting absorption features. An easily constructed multipass optical system suited for performing high-resolution infrared spectroscopy in molecular beams is described. The design is based on a variation of the White cell and has been optimized for use with lead salt diode lasers. One of the key components in the improved design is the addition of an oscillating mirror for spoiling optical feedback generated by laser scatter and/or poor mode coupling of the laser to the multipass optics.
INTRODUCTION
Many advances have been made since Nil1 and coworkers demonstrated that tunable lead salt diode lasers (TDLs) could be used for infrared molecular spectroscopy. ' One of these advances includes the work of Gough, Miller, and Stoles who demonstrated that infrared diode lasers could be used to interrogate collimated supersonic molecular beams.' Supersonic molecular beams provide a unique environment in which to study both molecuIar and weakly bonded systems. A variety of molecular beam techniques have been developed for high-resolution infrared spectroscopy including molecular beam bolometry,3 Fourier transform,4V5 and direct absorption. "" In addition to providing collisionless conditions, molecular beams can be used to reduce spectral congestion by virtue of adiabatic cooling and reduced Doppler broadening. Depending on expansion conditions, rotational temperatures on the order of 2 K or less can be realized. With the appropriate beam collimation3 or the use of slit nozzles,' Doppler broadening can be reduced sixfold or more over that of room-temperature, static cells.
As in conventional techniques, direct absorption experiments in supersonic expansions are governed by the law of Bouguer and Lambert, Absorbance = -In (1/r,) = a ( Y) CL,
where 1, and I are the measured intensities of the laser power before and after it has passed through the absorber, respectively. The line strength a:(v) depends on the specific rovibrational transition being probed and is influenced by the Boltzmann statistics and homogeneous and Doppler linewidths. While the researcher has some control over the concentration of the absorber C, the degree of control is limited. In the case of static cells, low pressures are required to minimize pressure broadening. In supersonic expansions, there is often an optimum concentration/ pressure for producing a specific cluster and increasing one of these factors usually leads to the formation of unwanted species. The length L of the optically absorbing media is limited by the profile of the supersonic expansion and the number of laser passes through the expansion. While the expansion length is ultimately limited by pumping throughput, the number of laser passes can be readily increased.
Direct absorption experiments in supersonic expansions utilizing TDLs were first reported by Hayman and co-workers, who studied the rare gas * . *OCS complexes6 These researchers created clusters by expanding a gas mixture through a pulsed valve with a 350~pm-diam orifice. Shortly afterward and with the advent of slit nozzles, the full potential of direct absorption molecular beam spectroscopy was realized.7 Slit expansion sources are uniquely suited For direct absorption experiments. An obvious advantage is the relatively long optical path transverse to the long axis of the expansion. The geometry of a slit nozzle also limits the expansion to one dimension, transverse to the long axis, and as a consequence the gas density (p) drops as l/r. In contrast, an axisymmetric expansion has a pa l/? dependence. This reduced dimensionality in the expansion has two consequences for spectroscopists: ( 1) higher gas densities are maintained farther out from the source and (2) Doppler broadening transverse to the long axis of the expansion is significantly reduced.
Multipass optics for supersonic expansion experiments have been demonstrated by a number of researchers. The simplest scheme involves "walking" the laser between two flat mirrors." While effective for well-collimated lasers, flat mirrors leave much to be desired for sources such as lead salt TDLs, which generally have non-Gaussian wave fronts and are difficult to collimate. De Piante, Campbell, and Buelow' describe a White-cell arrangement for a slit supersonic expansion that is similar to the one described here. More recently, Kaur et al. described a multipass cell composed of two spherical mirrors.'* This arrangement was used to probe the expansion emanating from a pulsed 1 -mm orifice.
In addition to substantially increasing signal, the multipass optics will often introduce fringing effects. Fringing occurs when the multipass optics behave as a Fabry-Perot cavity. This is quite common with lead salt TDLs and arises because of poor mode coupling of the laser beam to the multipass optics and/or laser scatter in the multipass optics. Poor mode coupling could be due to a number of factors, including a non-Gaussian laser beam, incorrect collimation of the laser light prior to entering the multipass arrangement, or astigmatism due to off-axis optics. In our case, we make little effort to collimate the radiation but focus the light into the center of the multipass optics via a l-m KBr plano convex lens (see Fig. 1 ). In addition, the laser light is typically coupled into and out of the multipass arrangement at a slight angle. In the case of spherical reflectors, this slight angle produces an astigmatism in the reflected laser beam. Spatial filtering of the laser can be used to correct for non-Gaussian laser beams but also reduces the laser power. Collimating the laser light without losing significant power requires a comprehensive knowledge of the laser beam characteristics and sophisticated custom corrective optics. Alternatively, modulating the effective path length of an optical cavity to remove or average the resulting fringing effects has been demonstrated to be effective. Webster described a Brewster-plate spoiler that is placed inside the optical path of the multipass optics and consists of a piece of Irtran that is pivoted back and forth.t3 Silver and Stanton describe a scheme for modulating the path length of a Herriott cell by coupling one of the mirrors to a piezoelectric translator.14 In the remainder of the paper, we describe the construction and performance specifications of a White-cell arrangement that incorporates an oscillating mirror.
II. EXPERIMENT
A detailed account of the molecular beam experiment has already been given" and only a brief description of the instrument follows. The expansion chamber is pumped by a 20-in diffusion pump, trapped by a closed-cycle freon cryobaffle ( -120 "C), which maintains the expansion chamber at lo-' Torr when no gas load is present. The cryobaffle is required to prevent backstreaming of the diffusion pump oil onto the White-cell optics. During operation, the average pressure in the expansion chamber is slightly below that corresponding to the maximum pumping capacity and is typically 5 X 10m4 Torr.
The slit nozzle consists of a Viton surface that seals a 12-cmX200 pm slit. Three solenoids placed along the length of the sealing support mechanism are used to pull the sealing surface off the slit plate. For the cluster results shown here we have found that a 1% NH3 in Ar mixture at a backing pressure of 600 Torr gave optimum NH, * * Ar signals.
Data is acquired by digitizing the scaled or amplified output of a HgCdTe infrared detector (Judson J15D16-M204-SOl M-60) and matched preamplifier . A unipolar digitizer with 1Zbit dynamic resolution is utilized to acquire 4096 data points at 200-ns intervals (i.e., 5 MHz). Depending on whether total laser power 1, or differential changes in the laser power AI=I,-I are needed, one of two procedures is employed. Total laser power is measured by filling most of the ADC's dynamic range with a chopped laser signal (i.e., laser on-off) and noting the gain on the amplifier. Differential absorption 3381
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The differential absorption features shown in Figs. 2 and 3 are acquired by rapidly ramping (i.e., 0.8-ms duration) the laser frequency over an approximately 0.25-cm-' spectral region. By opening our pulsed, slit gas nozzle during this 0.8-ms interval, an entire spectrum is acquired with every pulse of gas. Due to gas load considerations the experiment is run at a repetition rate of 3 Hz. Typically, 256 scans are averaged.
The diode-laser system (Laser Photonics) consists of a closed-cycle cold head, collimating optics, and a monochromator for mode selection. The output of the monochromator is directed to one of three targets: ( 1) a reference cell used for absolute frequency calibration, (2) a 0.25-m confocal &talon used for relative frequency calibration, and (3) the vacuum chamber. Laser light entering the vacuum system is multipassed up to 24 times through the supersonic expansion by utilizing a White-cell optical configuration.
The White-cell optics'6 consists of three Pyrex concave spherical mirrors each with a 35-cm radius of curvature. The two smaller mirrors have a diameter of 1.5-cm. The single larger mirror has a diameter of 6.6 cm. All three mirrors are coated with a chromium-gold alloy (Janos optics) which has excellent reflectivity characteristics in the midinfrared region and is considerably harder than a pure gold coating. The optical layout is similar to the arrangement used by DePiante et al. ,9 and is shown in Fig. 1 . The holder for the larger mirror is constructed such that light may pass by the sides of the mirror unobstructed. The two smaller mirrors are mounted to a platform that sits on the top of a piezoelectric transducer (PZT) positioner (Burleigh PZS-050). Maximum travel is 35 pm. Standard X-Y kinematic mounts are used to hold and make minor adjustments to all three mirrors.
There are a number of factors that must be considered when selecting the focal length for the White-cell mirrors. The primary disadvantage of a shorter optical cavity (limited by the length of the expansion) is the larger angle required to couple the laser light into and out of the White cell. Larger angles will translate to an increased Doppler width and greater astigmatism. A potential advantage of the shorter cavity arises when background gas pressures are high enough (i.e., fi10m3 Torr) to cause significant laser attenuation. We opted for the longest focal length that could comfortably be accommodated in our 51-cmdiam chamber. The diameter of the larger spherical mirror will determine the maximum number of laser passes and the entrance angle of the laser light. Since the gas density emanating from a slit expansion varies as l/r and a small amount of laser light is lost on each reflection, the multipass advantage is lost after a finite number of laser passes. The exact number of passes before which sensitivity starts to fall off will depend on the spacing between spots and reflectivity of the mirrors. 
Ill. RESULTS
The first set of results appear in Fig. 2 and correspond to (a) PZT off, (b) PZT modulated with a sine wave, and fc) PZT modulated with a triangular wave. These spectra are the result of coadding 256 scans and were recorded over an 0.2-cm-' spectral region centered around 675 cm-'. No gas sample was present. The trace in Fig. 2(a) exhibits a fringe pattern spaced at -207 MHz with average peak-to-peak fluctuations of 0.006%. This corresponds to a root mean square (rms) fluctuation of 0.0024% in total laser power. The 207-MHz fringe spacing corresponds to a free spectral range (FSR) of 0.0069 cm-' and would arise from confocal italon with a cavity length of 36 cm, which is close to the -35~cm spacing of our White-cell optics from which the FSR was calculated.
The rms fluctuations drop to 0.0013% and 0.00094% of total laser power with a sine or triangular wave driving the PZT, respectively. As pointed out by a number of researchers, a triangular wave produces the best results. . 2 . Averaging of dtaloning fringes as a consequence of using different modulation conditions on piezoelectric translator. The lead salt diode laser was centered at 675 cm-' and tuned through a *2500-MHz spectral region. A total of 256 scans were used to average each of the three spectra. Note that these are differential absorbances, which are then compared to an independent measure of 1s.
3382
Rev. Sci. Instrum., Vol. 64, No. 12, December 1993 function weights the "turning" points more heavily than other regions. Ideally, the phase of the triangular wave should have no correlation with the phase of the data acquisition. In our case, the mirror moves a negligible amount in the 0.8 ms required to scan a spectrum. Hence, each spectrum will have a well-defined fringe pattern but the phase relationship of the fringing should be made random with respect to successive spectra. This was accomplished by using unconcomitant repetition rates for the PZT dither and laser scan. Since each spectrum is recorded at 333-ms intervals, a trianglar wave with a frequency < 10 Hz is adequate.
Optimum results are obtained when the phase of the fringes are shifted randomly between 0" and 180" (i.e.,half an FSR). In the case of 675cm-' radiation, this corresponds to a half-wavelength of 7.4 pm. According to Eq. (3), a AL of one fourth of 7.4 pm is 1.85 pm. In actuality, the mirror is scanned through many FSRs.
Results under actual operating conditions may be seen in Fig. 3 . The example we have chosen is the weakly bonded Ar. . .NH, dimer undergoing rovibrational transitions associated with the umbrella mode in the 10.25~pm region. Details of the spectra are given in the caption.
IV. DISCUSSION
The sensitivity of a direct absorption experiment is Iimited by optical noise and electrical artifacts and, ultimately, by quantization effects, and Johnson, shot, and l/f noise. Johnson or thermal noise is given by
where k is the Boltzmann constant, T (K) is the temperature of a resistive element R (a), and Af is the bandwidth of the detector analyzer. Flicker or l/f noise is represented by Vnoise(ms) a fr&Jf) $77.
The shot noise is calculated by
where 4 is the charge on an electron (1.60X lo-l9 C) and fdet is the current generated or passing through the detector. The ultimate electronic bandwidth of our data acquisition system is 1. where f L and fH are the bandpass limits ( -3 dB at f L < 100 kHz and -3 dB at fH> 1 MHz) for the low-and high-frequency filters, respectively. In the experiments described here the limiting factor in determining absolute changes in laser power is dictated by digitizer or quantization effects. The minimum detectable signal that can be acquired in the absence of any noise during a single scan is iq, where q is the quantization level and takes the value of one part in 2i' for our la-bit digitizer. In fact, when the signal contains a random noise component equal to or greater than q the quantization limits can be significantly less than iq and, as pointed out by Kelly and Horlick, is typically found to be q/ fi." Averaging for 256 scans will increase the resolution by $s for a net sensitivity of between 2t5 and 216 (when the digitizer's full dynamic range is utilized). Absolute changes in laser power must be based on a best value of IO, which is measurable to 1 part in 2"-216 or between 0.003% and 0.0015% of I,.
Relative or differential changes in laser power are determined to much better than 1 part in 216 of IO and are ultimately limited by one or a combination of Johnson, shot, and l/f noise. Examination of Fig. 2(c) reveals an rrns noise on the order of 0.00094%.
Based on the manufacturer's specifications, the detector-preamplifier combination should exhibit Johnson and shot noise levels well below 0.00094%. This residual noise is due to a number of effects including "converting" the spectral fringing into random noise. In addition, the diode laser has both amplitude and frequency noise associated with its operation.
